Few-femtosecond Electron Beam with THz-frequency Wakefield-driven
  Compression by Zhao, Lingrong et al.
Few-femtosecond Electron Beam with THz-frequency Wakefield-driven Compression
Lingrong Zhao1,2, Tao Jiang1,2, Chao Lu1,2, Rui Wang1,2, Zhe Wang1,2, Pengfei Zhu1,2, Yanchao Shi3,
Wei Song3, Xiaoxin Zhu3, Chunguang Jing4, Sergey Antipov4, Dao Xiang1,2,5∗ and Jie Zhang1,2†
1 Key Laboratory for Laser Plasmas (Ministry of Education),
School of Physics and Astronomy,
Shanghai Jiao Tong University, Shanghai 200240, China
2 Collaborative Innovation Center of IFSA (CICIFSA),
Shanghai Jiao Tong University, Shanghai 200240, China
3 Science and Technology on High Power Microwave Laboratory,
Northwest Institute of Nuclear Technology,
Xi’an, Shanxi 710024, China
4 Euclid Techlabs LLC, Bolingbrook, Illinois 60440, USA
5 Tsung-Dao Lee Institute, Shanghai 200240, China
(Dated: June 29, 2018)
We propose and demonstrate a novel method to produce few-femtosecond electron beam with
relatively low timing jitter. In this method a relativistic electron beam is compressed from about
150 fs (rms) to about 7 fs (rms, upper limit) with the wakefield at THz frequency produced by
a leading drive beam in a dielectric tube. By imprinting the energy chirp in a passive way, we
demonstrate through laser-driven THz streaking technique that no additional timing jitter with
respect to an external laser is introduced in this bunch compression process, a prominent advantage
over the conventional method using radio-frequency bunchers. We expect that this passive bunching
technique may enable new opportunities in many ultrashort-beam based advanced applications such
as ultrafast electron diffraction and plasma wakefield acceleration.
PACS numbers:
Ultrashort electron beams are of fundamental inter-
est in accelerator physics and ultrafast science communi-
ties. In x-ray free-electron lasers (FELs [1–3]), ultrashort
electron beams with high peak current and low emit-
tance are used to produce coherent and intense x-rays
that have already opened new opportunities in many ar-
eas of science [4]. In keV and MeV ultrafast electron
diffraction (UED [5–15]), ultrashort electron beams are
used to probe the atomic structure changes in many non-
equilibrium processes. In beam-driven plasma wakefield
accelerator (PWFA [16, 17]), ultrashort electron beams
are essential for exciting the high-gradient plasma wake-
field. Ultrashort electron beams are also important for
producing intense terahertz (THz) pulses [18, 19].
For an electron beam that contains millions of elec-
trons, Coulomb repulsion force tends to broaden the
pulse width and in general ultrashort electron beams are
obtained with bunch compression [20–22]. The process
requires first a mechanism to imprint energy chirp (cor-
relation between a particle’s energy and its longitudinal
position) in the beam longitudinal phase space and then
sending the beam through a dispersive element such that
the longitudinal displacement of the electrons is changed
in a controlled way to yield a beam with shorter pulse
width. The required energy chirp is typically established
by accelerating the beam off-crest in radio-frequency (rf)
cavities and the widely used dispersive elements are mag-
netic chicanes for ultra-relativistic electron beam and
drifts for near-relativistic and sub-relativistic beams.
The main drawback of this active bunching technique
is that the phase jitter in the rf cavity will be converted
into timing jitter after compression [23, 24]. This is be-
cause the rf phase jitter leads to variation of the beam
centroid energy, which is further translated to variation of
time-of-flight after passing through a dispersive element.
In this Letter, we demonstrate a passive bunching tech-
nique where an electron beam is compressed from about
150 fs (rms) to about 7 fs (rms, upper limit) with the
wakefield produced by a leading drive beam in a dielec-
tric tube. Furthermore, with laser-driven THz streaking
technique [25, 26], it is also demonstrated that this pas-
sive compression scheme introduces negligible additional
timing jitter with respect to an external laser due to the
fact that the wakefield is naturally synchronized with the
electron beams. This passive bunching technique is cost
effective, easy to implement, and should find wide appli-
cations in many ultrashort-beam based advanced appli-
cations.
The schematic layout of the experiment is shown in
Fig. 1. A Ti:sapphire laser at 800 nm is first split into
two pulses with a 50%-50% beam splitter (BS1). One
pulse is (∼2 mJ) used to produce THz radiation through
optical rectification in LiNbO3 crystal with the tilted-
pulse-front-pumping scheme [27]. The other pulse is fre-
quency tripled to produce electron beams in a 1.5 cell
S-band (2856 MHz) photocathode rf gun. The UV laser
is further split into two parts with a 4%-96% beam split-
ter (BS2) with the main pulse used to produce the leading
drive beam and the remaining part used to produce the
trailing witness beam. The two UV pulses are combined
with a 50%-50% beam splitter (BS3). Such a setup al-


















































FIG. 1: Wakefield-driven relativistic electron beam compression experiment setup. The 800 nm laser is split into three pulses
with two pulses used for producing electron beams and the third pulse for producing THz radiation. The trailing witness beam
is compressed by the wakefield generated by the leading drive beam in a dielectric tube. The temporal profile of the witness
beam is measured with an rf deflector and its arrival time is measured with THz streaking in a slit.
of the three laser pulses independently. The drive beam
produces a wakefield in a dielectric tube which imprints
negative energy chirp (i.e. with the bunch head having
a lower energy than the bunch tail) in the witness beam
that allows bunch compression after a drift. Such wake-
fields have also been used for generation of THz pulses
[28–30], beam acceleration [31, 32] and manipulation [33–
41]. The electron beam temporal profile is measured with
a 5-cell c-band (5712 MHz) deflecting cavity at a screen
(P1). Together with the energy spectrometer, the beam
longitudinal phase space can also be measured at a screen
(P2). The arrival time jitter of the compressed beam is
measured through THz streaking technique [25, 26] just
downstream of the rf deflector.
In this experiment, a 5 cm long quartz capillary tube
with inner diameter of 400 µm is used as the wakefield
structure. The charge of the drive beam and witness
beam is measured to be about 1.0 pC and 10 fC, re-
spectively. With the gun solenoid used to optimize the
beam size at the dielectric tube, both the drive beam
and witness beam can pass through the tube with negli-
gible loss. The longitudinal wake potential produced by
the drive beam is mapped through measurement of the
energy change of the witness beam as a function of sepa-
ration of the two bunches. In this experiment, single-shot
measurements of the beam distribution on screen P2 with
both the deflector and energy spectrometer on for vari-
ous separation of the two bunches is first measured and
then superimposed. This is equivalent to the measure-
ment with a long witness beam extending over several
periods of the wakefield. After converting the time at
the deflector back to that at the dielectric tube using the
momentum compaction of the drift, the corresponding
time-energy map with and without the dielectric tube is
obtained and shown in Fig. 2a and Fig. 2b, respectively.
Without the tube, the time-energy map follows the cur-
vature of the rf field (dashed line in Fig. 2b) when the
witness beam is far away from the drive beam. Consid-
erable deviation from the rf curvature is observed when
the witness beam is close to the drive beam, which is due
to space charge effect [42]. Due to similar effect, the lon-
gitudinal phase space of the drive beam is dominated by
positive chirp (saturated region in Fig. 2a and 2b). With
the dielectric tube inserted, considerable energy modula-
tion from the wakefield is imprinted in the witness beam
time-energy map (Fig. 2a).
From Fig. 2a and Fig. 2b, the wake potential is ob-
tained and shown in Fig. 2c (black triangles). The wake
potential can be accurately approximated by a single
mode with central frequency around 0.5 THz. To com-
(a) (b) 
(c) 
FIG. 2: Electron beam time-energy map with (a) and with-
out (b) the dielectric tube. The red dashed line shows the
curvature of the rf field and the saturated region represents
the drive beam with high intensity. (c) Measured longitudi-
nal wake potential (black triangles) and the calculation (red
dashed line) using the measured beam distribution at the de-
flector (red circles). For comparison, the retrieved leading
beam distribution at the dielectric tube (blue squares) and its
corresponding wake potential (blue solid line) are also shown.
3pare the measured wake potential with the theory, the
simulated point charge wake is convoluted with the mea-
sured leading beam distribution (red circle) and the cal-
culated wake potential fits the data quite well when the
beam charge is taken to be 2.1 pC. It should be pointed
out that when calculating the wakefield, the leading beam
distribution at the dielectric tube should be used. How-
ever, in our experiment the leading beam distribution
is measured at the deflector which is 1.1 m downstream
of the dielectric tube. As a first approximation we back
propagate the beam distribution from the deflector to the
dielectric tube (space charge effect is not included), and
the corresponding leading beam distribution is shown
with blue squares in Fig. 2c. Using the retrieved beam
distribution at the dielectric tube, the calculated wake
potential can also fit the data quite well if the beam
charge is taken to be 1.2 pC. The main reason for the dif-
ferent charges that provide the best fit is that the shorter
bunch has stronger frequency component at 0.5 THz. It is
worth mentioning that when space charge effect is taken
into account, the bunch length should be shorter than
that obtained with simple back tracking and thus the re-
quired charge to produce the measured wake potential
should be lower than 1.2 pC, consistent with the mea-
sured beam charge in this experiment.
In conventional bunching technique, the electron beam
is typically sent through an rf cavity at the zero-crossing
phase and the normalized energy chirp may be written
as h = −2piV/Eλ, where V is the voltage of the cav-
ity, E is the beam energy and λ is the wavelength of
the field. With the space charge effect neglected, anal-
ysis shows that full compression is achieved when the
beam is further sent through a dispersive element with
momentum compaction R56 = −1/h (see, e.g. [43]). In
our experiment (R56 ≈ 3.07 cm and E ≈3.06 MeV), a C-
band buncher cavity with about 1 MV voltage is needed
to compress the beam, which requires an expensive rf
station. Alternatively, with a wakefield having 100 times
higher frequency, the required voltage is reduced to about
10 kV, which may be readily produced by a beam with
∼pC charge, as shown in Fig. 2.
To compress the witness beam, a delay stage (Delay 2
in Fig. 1) is used to adjust the timing of the witness beam
to make it ride at the negative zero-crossing phase (e.g.
at a time delay of 2.6 ps in Fig. 2c). The strength of the
wakefield is varied by changing the charge of the drive
beam and the corresponding longitudinal phase space of
the witness beam measured at screen P2 is shown in
Fig. 3a-d. Without the drive beam, the witness beam
has slightly positive chirp in the phase space from space
charge force as shown in Fig. 3a. As the charge of the
drive beam is gradually increased, the energy chirp of the
witness beam is reversed and the beam is longitudinally
compressed (Fig. 3b). The witness beam is fully com-
pressed in Fig. 3c and further increasing the drive beam
charge leads to over-compression and the bunch length
starts to increase (Fig. 3d). In this measurement, the
voltage of the rf deflector is set at about 0.2 MV, suffi-
cient to resolve the longitudinal phase space while still
keeping the energy spread growth in the deflector (see,
e.g. [44–46]) at a small level. It should be pointed out
that while the leading beam temporal profile also changes
with the beam charge, the position of the zero-crossings
of the wakefield (Fig. 2c) is insensitive to the temporal
profile of the leading beam, which makes it possible to
tune the energy chirp for optimal compression without
changing the centroid energy of the witness beam.
To measure the fully compressed beam accurately, the
voltage of the deflector is increased to about 1.8 MV
which yields a calibration coefficient of about 25 fs/mm
on screen P1. With a 20 microns slit inserted before the
deflector, the vertical beam size on screen P1 is about
0.11 mm (rms) when the deflector is off, corresponding
to 2.7 fs (rms) resolution. Such high temporal resolu-
tion allows us to unambiguously measure the strongly
compressed beam with pulse width well below 10 fs. Un-
der full compression condition, 200 consecutive measure-
ments of the raw beam profile (with vertical axis con-
verted into time) with rf deflector off and on are shown
in Fig. 3e. 50 consecutive shots of the raw beam profile
with deflector off and 400 consecutive shots with deflector
on are fitted with Gaussian functions and the distribu-
tion of the fitted beam duration (rms) is shown in Fig. 3f
where one can see that the average bunch length is about
7 fs and the shortest bunch length (3 shots out of 400)
is about 4.6 fs (rms). With the contribution from beam
intrinsic divergence being 2.7 fs and that from high order
effects estimated to be about 2.5 fs [46], the deconvoluted
bunch length is found to be about 2.8 fs, indicating that





FIG. 3: Longitudinal phase space (bunch head to the left)
of the witness beam when the charge of the drive beam is
changed from 0 (a) to 0.6 pC (b), 0.9 pC (c), and 1.3 pC
(d). The corresponding temporal profile (red line) and energy
distribution (white line) are also shown. (e) 200 consecutive
measurements of the witness beam temporal profile with rf
deflector off (the first 20 shots) and on (the rest 180 shots).
(f) Distribution of the raw bunch length collected over 50
consecutive shots with deflector off and 400 consecutive shots
with deflector on.
4With the energy chirp imprinted in a passive way, the
energy stability of the witness beam is measured to be
about 2.4×10−4 (rms) with and without the drive beam,
indicating that no additional timing jitter is introduced in
this passive bunching technique. In contrast, the energy
jitter increases to about 1.5 × 10−3 (rms) when the rf
buncher is used to compress the witness beam, implying
that the beam is compressed at the cost of considerably
increased timing jitter.
To directly measure the beam arrival time jitter, a
single-cycle THz pulse produced by the 800 nm laser in a
LiNbO3 crystal is focused to a 250× 15 microns narrow
slit to streak the witness beam [26], similar to a THz de-
flecting cavity. The THz pulse is linearly polarized along
the slit’s short axis, allowing the streaking strength to
be enhanced (see, e.g. [47]). The THz field gives the
electron beam a time-dependent angular kick which al-
lows us to map the electron beam time information into
spatial distribution at screen P1. After the spatial and
temporal overlap between the THz beam and the witness
beam (the drive beam is off) is achieved in the slit, the
timing of the THz beam is varied (Delay 1 in Fig. 1) and
the measured streaking deflectogram is shown in Fig. 4a
(the oscillation is due to transmission resonance in the
slit).
Similar to the measurement with an rf deflector, the
electron beam should overlap with the THz pulse near
the zero-crossing of the deflectogram for measurement of
beam timing jitter. The maximal streaking ramp (around
t=4.6 ps region in Fig. 4a) is found to be 4.4 µrad/fs.






FIG. 4: Time-stamping of the compressed beam. (a) THz
streaking deflectogram measured as a function of time delay
(in 100 fs steps) between the electron beam and THz pulse.
Raw distribution of the streaked beam with passive bunching
technique (b) and fitting to the timing data (c). Raw distri-
bution of the streaked beam with active bunching technique
(d) and fitting to the timing data (e).
measured to be 10 µrad, the accuracy of the arrival time
measurement is found to be about 2.3 fs. For wakefield-
driven compression, the measured streaked beam distri-
bution with integration over 200 shots is shown in Fig. 4b.
Note, the drive beam arrives at the slit earlier than the
THz pulse, so it is not streaked (see the bright spot in
Fig. 4b). After subtracting the background measured
with only the drive beam, the distribution of the streaked
witness beam is shown in Fig. 4c (blue dots) and a fit
(red line) to the data yields a timing jitter of about 60
fs (rms) for the passively compressed beam. This value
is consistent with the theoretical jitter taking into ac-
count the rf amplitude stability (about 2.4 × 10−4) and
the momentum compaction from the gun to the THz slit
(about 7 cm). For comparison, in a separate experiment
the witness beam is compressed with the rf buncher and
the corresponding streaked beam distribution integrated
over 200 shots is shown in Fig. 4d. The streaked beam
has a double-horn distribution, indicating that the arrival
time extends over half of the period of the deflectogram.
Assuming the timing jitter has a Gaussian distribution
and the best fit to the data (red line in Fig. 4e) yields a
timing jitter of about 170 fs (rms) for the actively com-
pressed beam, much larger than that achieved with pas-
sive bunching technique.
It should be mentioned that the THz streaking tech-
nique measures the electron beam arrival time with re-
spect to an external laser, which is of interest for pump-
probe applications. While in our experiment this value
is about 60 fs (with improved rf stability and reduced
drift distance, this value can be made much smaller than
50 fs), the timing jitter between the drive beam and the
compressed witness beam is negligibly small, which may
enable new applications in PWFA. For a beam-driven
PWFA, external injection of the witness beam allows pre-
cise control of the beam charge and quality. However, the
timing jitter between the drive beam and externally in-
jected witness beam limits the energy stability of the wit-
ness beam after acceleration. Also the pulse width of the
witness beam needs to be much smaller than the wave-
length of the plasma field to reduce beam energy spread.
The aforementioned challenges may both be overcome
with the passive bunching technique. In this case, as
long as the injection timing jitter of the witness beam is
smaller than half of the wakefield wavelength in the di-
electric tube, the witness beam duration and timing jitter
will both be compressed after a chicane. Then the com-
pressed witness beam may be further accelerated in the
plasma wakefield produced by the tightly synchronized
leading beam. This configuration holds great potential
for producing stable high quality beams in PWFA.
Finally, we discuss applications of this passive com-
pression technique in keV UED where it may allow one
to produce a shorter beam than that with rf buncher.
This is because for optimal compression a linear velocity
chirp is needed while the rf buncher only imprints a linear
energy chirp in the beam phase space. Note, the kinetic
energy of the electron beam at low energy is proportional
5to the square of the beam velocity, so considerable nonlin-
earity is present in the beam velocity chirp which limits
the shortest bunch achievable. With a passive buncher,
it may be possible to use a multi-mode dielectric tube
[36] to imprint linear velocity chirp through use of high-
order wakefield modes. Furthermore, because the energy
stability for keV UED can be orders of magnitude higher
than MeV UED, the compressed beam may have negligi-
bly small timing jitter with respect to the external laser,
ideal for laser-pump electron-probe applications.
This work was supported by the Major State Basic
Research Development Program of China (Grants No.
2015CB859700) and by the National Natural Science
Foundation of China (Grants No. 11327902, 11504232
and 11721091). One of the authors (DX) would like to
thank the support of grant from the office of Science




[1] P. Emma et al., Nat. Photonics 4, 641 (2010).
[2] T. Ishikawa et al., Nat. Photonics 6, 540 (2012).
[3] H. Kang et al., Nat. Photonics 11, 708 (2017).
[4] C. Bostedt et al., Rev. Mod. Phys. 88, 015007 (2016).
[5] M. Chergui and A. Zewail, ChemPhysChem. 10, 28
(2009).
[6] G. Sciaini and R. Miller, Rep. Prog. Phys. 74, 096101
(2011).
[7] J. B. Hastings, F. M. Rudakov, D. H. Dowell, J. F.
Schmerge, J. D. Cardoza, J. M. Castro, S. M. Gierman,
H. Loos, and P. M. Weber, Appl. Phys. Lett. 89, 184109
(2006).
[8] P. Musumeci, J. T. Moody, C. M. Scoby, M. S. Gutierrez,
H. A. Bender, and N. S. Wilcox, Rev. Sci. Instrum. 81,
013306 (2010).
[9] R.K. Li et al., Rev. Sci. Instrum. 81, 036110 (2010).
[10] Y. Murooka, N. Naruse, S. Sakakihara, M. Ishimaru, J.
Yang, and K. Tanimura, Appl. Phys. Lett. 98, 251903
(2011).
[11] F. Fu, S. Liu, P. Zhu, D. Xiang, J. Zhang, and J. Cao,
Rev. Sci. Instrum. 85, 083701 (2014).
[12] P. Zhu et al., New J. Phys. 17, 063004 (2015).
[13] L.W. Feng et al., Appl. Phys. Lett. 107, 224101 (2015).
[14] S. Weathersby et al., Rev. Sci. Instrum. 86, 073702
(2015).
[15] S. Manz et al., Faraday Discussions 177, 467 (2015).
[16] I. Blumenfeld et al., Nature 445, 741 (2007).
[17] M. Litos et al., Nature 515, 92 (2014).
[18] Y. Shen, T. Watanabe, D. A. Arena, C.-C. Kao, J. B.
Murphy, T.Y. Tsang, X. J. Wang, and G. L. Carr1, Phys.
Rev. Lett. 99, 043901 (2007).
[19] D. Daranciang et al., Appl. Phys. Lett. 99, 141117 (2011).
[20] B. Siwick, J. Dwyer, R. Jordan and R. Miller, J. Appl.
Phys. 92, 1643 (2002).
[21] T. Van Oudheusden, P. Pasmans, S. Van der Geer, M.
De Loos, M. Van der Wiel and O. Luiten, Phys. Rev.
Lett. 105, 264801 (2010).
[22] J. Maxson, D. Cesar, G. Calmasini, A. Ody, P. Musumeci
and D. Alesini, Phys. Rev. Lett. 118, 154802 (2017).
[23] M. Gao, H. Jean-Ruel, R. Cooney, J. Stampe, M. De
Jong, M. Harb, G. Sciaini, G. Moriena and R. Miller,
Opt. Express 20, 12048 (2012).
[24] R. Chatelain, V. Morrison, C. Godbout and B. Siwick,
Appl. Phys. Lett. 101, 081901 (2012).
[25] J. Fabianska, G. Kassier, and T. Feurer, Sci. Rep. 4, 5645
(2014).
[26] L. Zhao et al., Phys. Rev. X, 8, 021061 (2018).
[27] J. Hebling, G. Almasi, I. Kozma, and J. Kuhl, Opt. Ex-
press 10, 1161 (2002).
[28] K. Bane and G. Stupakov, Nucl. Instrum. Methods Phys.
Res., Sect. A 677, 67 (2012).
[29] S. Antipov, M. Babzien, C. Jing, M. Fedurin, W. Gai, A.
Kanareykin, K. Kusche, V. Yakimenko, and A. Zholents,
Phys. Rev. Lett. 111, 134802 (2013).
[30] K. Bane, G. Stupakov, S. Antipov, M. Fedurin, K.
Kusche, C. Swinson, and D. Xiang, Nucl. Instrum. Meth-
ods Phys. Res., Sect. A 844, 121 (2017).
[31] W. Gai, P. Schoessow, B. Cole, R. Konecny, J. Norem, J.
Rosenzweig, and J. Simpson, Phys. Rev. Lett. 61, 2756
(1988)
[32] B. O’Shea et al., Nat. Commun. 7, 12763 (2016).
[33] K. Bane and G. Stupakov, Nucl. Instrum. Methods Phys.
Res., Sect. A 690, 106 (2012).
[34] S. Antipov, C. Jing, M. Fedurin, W. Gai, A. Kanareykin,
K. Kusche, P. Schoessow, V. Yakimenko, and A. Zho-
lents, Phys. Rev. Lett. 108, 144801 (2012).
[35] P. Emma et al., Phys. Rev. Lett. 112, 034801 (2014).
[36] S. Antipov, S. Baturin, C. Jing, M. Fedurin, A.
Kanareykin, C. Swinson, P. Schoessow, W. Gai, and A.
Zholents, Phys. Rev. Lett. 112, 114801 (2014).
[37] H. Deng et al., Phys. Rev. Lett. 113, 254802 (2014).
[38] F. Fu et al., Phys. Rev. Lett. 114, 114801 (2015).
[39] A. Lutman et al., Nat. Photonics 10, 468 (2016).
[40] S. Bettoni, P. Craievich, A. Lutman, and M. Pedrozzi,
Phys. Rev. Accel. Beams 19, 021304 (2016).
[41] G. Penco et al., Phys. Rev. Lett. 119, 184802 (2017).
[42] C. Lu et al., Phys. Rev. Lett. 120, 044801 (2018).
[43] E. Hemsing, G. Stupakov, D. Xiang, and A. Zholents,
Rev. Mod. Phys. 86, 897 (2014).
[44] D. Xiang et al., Phys. Rev. Lett. 108, 024802 (2012).
[45] C. Behrens, Z. Huang, and D. Xiang, Phys. Rev. ST
Accel. Beams 15, 022802 (2012).
[46] K. Floettmann and V. Paramonov, Phys. Rev. ST Accel.
Beams 17, 024001 (2014).
[47] F. Garcia-Vidal, L. Martin-Moreno, T. Ebbesen, and L.
Kuipers, Rev. Mod. Phys. 82, 729 (2010).
